Josephson junctions with ferromagnetic barrier can have positive or negative critical current depending on the thickness d F of the ferromagnetic layer. Accordingly, the Josephson phase in the ground state is equal to 0 (a conventional or 0 junction) or to π (π junction). When 0 and π segments are joined to form a "0-π junction", spontaneous supercurrents around the 0-π boundary can appear. Here we report on the visualization of supercurrents in superconductor-insulatorferromagnet-superconductor (SIFS) junctions by low-temperature scanning electron microscopy (LTSEM). We discuss data for rectangular 0, π, 0-π, 0-π-0 and 20 × (0-π-) junctions, disk-shaped junctions where the 0-π boundary forms a ring, and an annular junction with two 0-π boundaries.
I. INTRODUCTION
As predicted more than 30 years ago [1] , Josephson junctions can have a phase drop of π in the ground state. Such π junctions are now intensively investigated, as they have a great potential for applications in a broad range of devices ranging from classical digital circuits [2, 3, 4, 5] to quantum bits [6, 7, 8, 9] . Nowadays, π Josephson junctions can be fabricated by various technologies, including junctions with a ferromagnetic barrier [10, 11, 12, 13, 14, 15, 16, 17, 18] , quantum dot junctions [19, 20, 21] and nonequilibrium superconductor-normal metal-superconductor Josephson junctions [22, 23, 24] In the simplest case the supercurrent density j s across the junctions is given by the first Josephson relation
with the critical current density j c > 0 for a 0 junction and j c < 0 for a π junction. Here, φ is the gauge invariant phase difference of the superconducting wave function across the junction (Josephson phase).
Particularly superconductor-insulator-ferromagnet-superconductor (SIFS) junctions [11, 16, 18] are promising since, in contrast to other types of π junctions, they exhibit only small damping at low temperatures, which is necessary to study Josephson vortex dynamics as well as to use them as active elements in macroscopic quantum circuits.
Now consider a junction in the x-y plane, which has a region with critical current density j 0 c > 0 (0 region) and another region having j π c < 0 (π region). For the sake of simplicity let us assume that the boundary between 0 and π regions runs along the y direction. When φ is different from 0 or π the supercurrents flow in opposite directions on the two sides of the 0-π boundary, forming a vortex, with its axis coinciding with the 0-π boundary (along the y direction), that carries a magnetic flux Φ = ±Φ 0 /2 (Φ 0 ≈ 2.07 × 10 −15 Wb is the flux quantum) [25, 26, 27] . This is true if the junction length L in x direction is much larger than the Josephson penetration depth
Here µ 0 d is the inductance per square (with respect to in-plane currents) of the superconducting electrodes forming the junction. For junctions having electrode thicknesses larger than the London penetration depth λ L , d ≈ 2λ L . Experimentally, such semifluxons have first been studied in the context of cuprate grain boundary junctions [28, 29] or zigzag ramp junctions between Nb and YBa 2 Cu 3 O 7 [30] . Here, the sign change of the d-wave order parameter of the cuprates leads to the formation of 0-π facets. In junctions with a ferromagnetic barrier the value (and the sign) of the critical current density crucially depends on the thickness d F of the F-layer [11, 16] . A junction consisting of various 0 and π segments can, thus, be formed by selectively etching the F-layer to produce two thicknesses d [31] . In the cuprate/Nb zigzag junctions [30, 32, 33, 34 ] the facets should be oriented along the crystallographic a and b axes of the cuprate electrode, imposing certain topological limitations to the 0-π boundary. In contrast, the SIFS technology allows almost any 2D
shape of the 0-π boundary and therefore offers a higher degree of design flexibility. Below, we
show an example where this boundary forms a loop. Even intersecting 0-π boundaries should be feasible, e.g., by arranging 0 and π regions in a checkerboard pattern. Unfortunately, the present SIFS technology based on a NiCu ferromagnetic layer produces a maximum |j π c | which is much lower than j c ∼ 1 kA/cm 2 of standard Josephson tunnel junctions. Although j π c at T = 4.2 K has been increased from some mA/cm 2 for the first junctions [11] , to a few A/cm 2 in Ref. 16 and to about 35 A/cm 2 in the present paper, the value of λ J ∝ 1/ |j π c | is still above 50 µm. Thus, the study of a multi semifluxon system would thus require unreasonably large (mm sized) junctions.
Nonetheless, also (multifacet) junctions with length L λ J are interesting. For example, one can consider an array of many alternating 0 and π segments along x, where the lengths of individual segments are much smaller than λ J . Such a structure is similar to short multifacet cuprate/Nb zigzag junctions [30, 32, 33] or high angle grain boundaries in high T c cuprates [35] and can e.g. be used to realize a ϕ junction -a junction having a phase ±ϕ in the ground state and many other interesting properties [36, 37, 38, 39, 40] .
The goal of this work is to realize Josephson junctions with various arrangements of 0 and π segments in order to demonstrate that also complex structures are feasible. We characterize these junctions by measurements of current voltage (I-V ) characteristics, by I c (B) and by low-temperature scanning electron microscopy (LTSEM) [41] . By analyzing I c (B), in principle one obtains information on the suercurrent flow and (in)homogeneity of the critical current; however, the analysis at least of the more complex SIFS structures may require to consider many unknown parameters (gradients in critical current density, local inhomogeneities etc.), making conclusions ambiguous. We thus put a strong focus on LTSEM which allows direct imaging of the supercurrent density distribution in the junctions (including counterflow areas induced by the 0-π-segments), close to I c [34] .
The paper is organized as follows. In Sec. II we discuss the sample fabrication and measurement techniques. The experimental results are presented and compared with the numerical simulations in Sec. III. Different subsections are devoted to various geometries, (0 junction for reference, 0-π and 0-π-0 junctions, a junction consisting of 0-π regions periodically repeated 20 times, a disk shaped structure where the 0-π boundary forms a ring and an annular junction containing two 0-π boundaries). All investigated samples are in the short limit (L 4λ J ). Finally, Sec. IV concludes this work.
II. SAMPLES AND MEASUREMENT TECHNIQUES

A. Sample fabrication
The Nb|Al 2 O 3 |Ni 0.6 Cu 0.4 |Nb heterostructures used for our studies were fabricated, as described in Refs. 31, 42. In brief, one starts with a Nb|Al 2 O 3 bilayer (Nb thickness is 120 nm) as for usual Nb based Josephson tunnel junctions. The thicknesses of the following F-layer must be chosen very accurately to realize 0 and π regions with approximately the same critical current density. To achieve that, first the Ni 0.6 Cu 0.4 F-layer is sputtered onto the wafer with a thickness gradient along the y-direction to achieve a wedge-like NiCu layer.
Later on, a set of structures extending along x and consisting of the 0-π devices to be measured, plus purely 0 and π reference junctions, is repeated several times along the ydirection. One of the sets will have the most suitable F-layer thickness to yield π coupling with roughly optimal critical current density. In this way the number of wafer runs which are required to get appropriate 0-π junctions is minimized. After the deposition of a 40 nm Nb cap-layer and lift-off one obtains a complete SIFS stack, however without steps in the thickness of the F-layer yet. To produce such steps, the parts of the structures that shall become π regions are protected by photo resist. Then the Nb cap-layer is removed by SF 6 reactive rf etching, leaving a homogeneous flat NiCu surface, which is then further Ar ion etched to partially remove about 1 nm of the F-layer. These areas, in the finished structures, Critical current densities j 0 c and j π c for junctions #3, #4 and #5 were estimated from fits to I c (B). 
where x 0 and y 0 is the position of the center of the e-beam. The LTSEM images presented below are reproduced well by simulations using σ = 3.5 µm; this value was used for all calculated images shown below and is somewhat larger than for other LTSEM measurements, presumably due to the relatively thick top Nb layer. Further, from the beam-induced changes δI c of the critical current and the measured temperature coefficient dI c /dT , we estimate ∆T ≈ 0.5 K. To a good approximation the beam-induced change of critical current δI c (x 0 , y 0 ) is proportional to the beam-induced change of the local Josephson current density [43] , δj s (x 0 , y 0 ) = j c (x 0 , y 0 ) sin φ(x 0 , y 0 ) at I c . To see this we write
Here, the subscripts "on" and "off" refer to electron beam switched on and off. The integral (. . .) df has to be taken over the junction area A j . The local j c depends on the coordinates (x, y) via the Gaussian profile of δT (x, y) and possible sample inhomogeneities. In addition, j c is different in the 0 and π parts of the junction, with the values of j 0 c and j π c at a given temperature. Assuming that the junction is small compared to λ J and that a magnetic field B is applied in the (x, y) plane, with components B x and B y along x and y, the Josephson phase is given by the linear ansatz
At I c the initial phase φ 0 is given such that the supercurrent is maximized. For junctions having electrode thicknesses larger than the London penetration depth λ L , the effective junction thickness is Λ ≈ 2λ L ≈ d . For our Nb electrodes, using λ L = 90 nm we estimate Λ ≈ 180 nm. In general, the phase φ is different in the "on" and "off" states of the beam [43, 44] . When the electron beam disturbs the junction only slightly this difference may be neglected and we obtain
As can be seen in the lower right inset of Fig.1 , at least for some of our junctions the normalized value dI c dT
(assuming a homogeneous j
) and roughly the same for 0 and π parts. Note, however, that the latter statement, although valid for the junctions we study here, may not always be true. There are cases, e.g. near a temperature driven 0-π transition [10] where (dj c /dT )/j c of 0 and π parts differ strongly in magnitude and perhaps even in sign. Assuming a constant value of (dj c /dT )/j c we can further write
where we have used the notation
where the brackets indicate the convolution of j s with the beam-induced Gaussian temperature profile Eq. (3). When the size of the beam-induced perturbation is small compared to the structures to be imaged, we can approximate the Gaussian temperature profile with a δ-function, and further simplify the above expression to
with spot size A s ≈ 2πσ 2 , defining an effective area under a 2D Gaussian distribution.
Eq. (10) To obtain an LTSEM image we do not measure δI c directly (the signal-to-noise ratio would be too small for reasonable measurement times which are limited by long term drifts) but bias the junctions slightly above its critical current at a given magnetic field and monitor the beam-induced voltage change δV (x 0 , y 0 ) as a function of the beam position (x 0 , y 0 ).
To understand in more detail the corresponding response δV (x 0 , y 0 ) and the experimental requirements to produce a signal proportional to δI c and thus proportional to j s , we first note that at the operation temperature the I-V characteristics can be described reasonably well by the RSJ model [45, 46] ,
for |I| > |I c (B)| and V = 0 otherwise. Below we will always assume I > 0 and skip sgn (I).
Examples for a 0 reference junction are shown in Fig however the region just above I c will not be approximated well, because (11) is strictly valid only for β c ≡ 2πI c R 2 C/Φ 0 = 0. In case of the I-V characteristic for B = 0 we estimate that β c ∼ 0.5 . . . 0.8. Therefore we adopt fits with field-dependent G to reproduce the I-V characteristics near I c in the best way.
When scanning the beam over a junction, which is current-biased slightly above I c , the changes δI c and δG lead to a voltage change
The change in G is related to the temperature rise caused by the electron beam. Similar to the case of the critical current, δG(
per left inset of Fig.1 shows that the relative change (dG/dT )/G = (dG /dT )/G is about constant for the junctions investigated, with a value of 0.75 K −1 . We, thus, can write
is mainly set by the insulating Al 2 O 3 layer and will not strongly differ for the 0 and π parts. Inserting expressions for δI c and δG into (12) we find for the beam-induced voltage change
where
and
We emphasize here that these equations rely on the fact that Eq.(11) provides a good fit to the I-V characteristic in the region of interest and should at most be considered as semi-quantitative.
The response due to term F G is parasitic, if one is interested in spatial variations of the supercurrent density. As F G > 0, it will give a negative and, if spatial variations of G (x 0 , y 0 ) are small, a basically constant contribution to δV for the whole junction area (i.e. a negative offset). F I is the response of interest. To make |F I | |F G | one needs to satisfy the condition dG dT
When the conductance is about the same for 0 and π parts of the junction,
with 
III. RESULTS
In this section we discuss I c (B) patterns and LTSEM images of a variety of SIFS junctions. All data were obtained at T ≈ 4.5 K. For reference, we will start with rectangular homogeneous 0 and π junctions and then turn to rectangular junctions consisting of two, three and forty 0 and π segments. Finally, we will discuss annular and disk shaped 0-π junctions. Sketches of the different geometries are shown as insets in figures 2(a) to 7(a).
A. Rectangular Junctions
For all rectangular junctions of length L and width W we use a coordinate system with its origin at the center of the junction, so that the barrier (at z = 0) spans from −L/2 to +L/2 in x direction and from −W/2 to +W/2 in y direction.
0 and π Josephson junctions
We first discuss results obtained on a 0 junction (#1 in Tab. I). complex structures in mind, rather than using the analytic expression, we have calculated the simulated curve in Fig. 2(a) as
where φ(x, y, φ 0 ) is a phase ansatz. Unless stated otherwise, we will assume a linear phase ansatz as given by Eq. (5). We note here that for junctions containing both 0 and π segments Λ may differ by some 5 . . . 10 % in 0 and π regions [48, 49] . However, for the sake of simplicity, we ignore this effect here.
For the present junction we have used j c (x, y) = j 0 c = const. The resulting calculated I c (B) curve, shown by the dashed line in Fig. 2(a) , agrees with the experimental one, confirming the assumed homogeneity of j to a magnetic field misalignment there will be a slight out-of-plane field component subject to flux focusing by large area superconducting films [50] . This leads to an increased value of Λ calculated using the above procedure. 
#2 in Tab. I). This value is not large, but it is almost an order of magnitude higher than
what has been previously reported for SIFS π junctions [16] .
0-π Josephson junction
Now we discuss data for a 0-π junction (#3 in Tab. I) presented in Fig. 3 . The simulated I c (B) curve in Fig. 3(a) fits the experimentally measured dependence in the best way for 
where L 0 and L π are the total lengths of 0 and π parts and λ 0 J and λ π J are the Josephson lengths in the 0 and π parts, respectively. With this definition we calculate l ≈ 1, showing that the junction is again in the short limit. For Λ we obtain a reasonable value of 200 nm.
Further note that the measured I c (B) is slightly asymmetric, i.e. the main maximum at negative field is slightly lower than at positive field. This effect, which is not reproduced by the simulated curve, is due to the finite magnetization of the F-layer which, in addition, is different in the 0 and π parts. This effect is addressed elsewhere [48] .
For the 0-π junction, at B=0 the supercurrents of the two halves should have opposite sign. The part giving the smaller contribution to I c should show inverse flow of supercurrent with respect to the applied bias current, i.e., the π part in our case. This can be seen nicely in Fig. 3(b) showing an LTSEM δV (x, y) image at zero field. The π part is on the left hand side. For comparison, Fig. 3 The LTSEM image δV (x, y) shown in Fig. 3(c) has been taken at the main maximum of I c (B). Here, both parts of the junction give a positive response. The measurement is in good agreement with expectations, as can be seen in the calculated image j s (x, y)/j 0 c in Fig. 3(e) and by comparing the line scans δV (x) and j s (x)/j 0 c shown in Fig. 3(g) . Note that the "offset problem" seems to be less severe here. Indeed, with I c /G = 24 µV and I/I c = 1.019 we obtain F G ≈ 0.15 K −1 and F I ≈ 2.1 K −1 for the 0 part and
for the π part. The supercurrent term thus clearly dominates. Having seen that well behaving 0-π-0 junctions can be fabricated one may consider multisegment structures where many 0-π segments are joined. The main purpose here is to check the complexity and reliability of the structures that can be fabricated already now.
Moreover, as already mentioned in the introduction, multi-segment N × (0-π-) Josephson junctions are promising for the realization of a ϕ junction. The structure we study here has twenty 0-π segments (#5 in Tab. I). In Fig. 5(a) we compare the measured I c (B) dependence (solid line) with the one calculated (dashed line) using Eq. (18) with a linear phase ansatz (5). However, on both sides of each main peak we see quite substantial deviations of the calculated curve from the experimental one. In particular, the series of I c maxima following the main peak are much higher in experiment than in simulations based on Eqs. (18) and (5). It is interesting that such a shape of I c (B) was also measured for d-wave/s-wave zigzag shaped ramp junctions [32, 33, 34] .
To understand the origin of such deviations, we have tested numerically a variety of local inhomogeneities j c (x) in the different facets, ranging from random scattering to gradients and parabolic profiles, always using the linear phase ansatz (5). None of them, and also no variations in effective junction thickness Λ(x) were able to qualitatively reproduce the I c (B) features described above. Finally, it turned out that the quantity to be modified is the phase ansatz, i.e., the field becomes non-uniform. Adding a cubic term, which accounts for a small phase bending, we have (assuming B y)
φ(x, y, φ 0 ) = φ 0 + 2π
Calculating I c (B) using Eq. (18) As we will show in a separate publication [49] the origin of the nonlinear contribution in Eq. (20) is a parasitic magnetic field component perpendicular to the junction plane, which appears due to a misalignment ∼ 1 • between the (x, y) plane and the applied magnetic field. This perpendicular component causes screening currents that result in a non-uniform (constant+parabolic) field focused inside the junction and pointing in y direction. Similar effects can also be present in non-local planar junctions [51] , but we are far from this limit.
By comparing the nonlinear-phase simulation to the measured I c (B) we infer j 0 c = 37 A/cm 2 , j π c = −29.5 A/cm 2 and l ≈ 3. The junction is thus still in the short limit.
We further obtain Λ ≈ 350 nm, which is higher than the value we obtained for the other rectangular structures, but consistent with the fact that we have a focused out-of-plane field component. more. This is due to the small facet size of 5 µm which is on the LTSEM resolution limit.
At the main maximum the signal is strong and positive, with a slight long-range modulation but no evidence of modulations due to the individual facets any more. At the higher maxima (images 3 to 8) additional minima appear in δV (x, y). Fig. 5(c) shows the corresponding images calculated using the cubic phase ansatz, and Fig. 5(d) shows the corresponding line scans, comparing the measured δV (x) (solid lines) with the calculated j s (x) (dotted lines).
As can be seen, the agreement is excellent, except for the line scan taken at the I c maximum.
Here, the measured response is strongly weakened towards the junction edges in contrast to the calculated modulation of j s . For this bias, with I = 1.029I c we estimate
and F I ≈ 1.5 K −1 . It is thus not very likely that the discrepancy is caused by a spatially varying conductance. On the other hand, from the well behaved LTSEM images at zero field we can rule out a long range variation of j 0 c and j π c as well. A possible origin of this behavior may be a non-uniform field focusing that results in a phase ansatz φ(x, y, φ 0 ), which is more complicated than the cubic one of Eq. (20) . However, we have to admit that we did not succeed in finding a proper dependence. We have measured several 20 × (0-π-) junctions. All behaved similar to the one discussed here, including the shape of I c (B) with a well developed set of maxima following the main peak and also with respect to LTSEM images. Thus, the present SIFS technology is fully able to deliberately produce quite complicated multi-facet 0-π junctions.
B. Disk Shaped and Annular Junctions
Disk shaped Josephson junction
The SIFS technology offers the possibility to create a more complex 0-π boundary than a linear one. An intriguing option is to close this boundary in a loop. The disk shaped junction #6 in Tab. I is of this type. Here, we use a coordinate system with its origin at the center of the disk, see the inset of Fig. 6(a) . The I c (B) dependence, shown in Fig. 6(a 
One can see in Fig. 6 (a) that the calculated curve including I r (dotted line) is in good agreement with the experimental data. 
Thus, the offset due to conductance changes is minor in this case. The same holds for the other bias points. The main reason is that the factor j c (x 0 , y 0 )A j /I c (B) entering F I is large (e.g. about 7 for the π part at B = 0).
Annular Josephson junction
The last structure we want to discuss in this paper is an annular 0-π junction (#7 in Tab. I, see the sketch in Fig. 7) . Half of the ring is a 0 region and the other half is a π region. One thus obtains an annular junction with two 0-π boundaries. If the junction were long in units of λ J it would be a highly interesting object to study (semi)fluxon physics, similar to the case of Nb junctions equipped with injectors [52, 53] . For this junction we use a coordinate system with its origin in the center of the ring, and the steps in the F-layer are located on the y axis. strongly differs from the case B y, cf., Fig. 8(a) , but can be reproduced by simulations, using the same j 0 c and j π c as in Fig. 7 . Furthermore, simulations show that if the field is rotated further towards the x axis, the height of the side maxima in I c (B) decreases, reaching only half of their height of the 70
• case when the field is parallel to the x axis and the I c minima reach zero. Thus, the annular 0-π junction reacts very sensitive to field These results demonstrate the capabilities of the state-of-the-art SIFS technology. Arrangements like the ring-shaped 0-π boundary are impossible to realize using other known 0-π junction technologies [30, 32, 33, 52] . Even intersecting 0-π boundaries seem to be feasible, e.g., by arranging 0 and π segments in a checkerboard pattern.
For the π regions we demonstrated a record value of j like their high sensitivity to nonuniform magnetic fields, and they will be usable for many fundamental studies, e.g. on the way of realizing ϕ junctions.
